water crisis in history is currently occurring, with about two thirds of the YR being heavily polluted with industrial waste [8] . Huge volumes of pollutants, mainly HMs, are discharged into the upper YR, especially in Lanzhou and Baiyin, which are the two most polluted cities in China [9] , affecting the organisms living in the river [10] .
Amphibians often serve as sentinels for environmental hazards because of their particular physiological characteristics and life histories [11, 12] . Their highly permeable skins mean that dermal uptake of chemicals is two orders of magnitude faster in amphibians than in mammals [13] . Tadpoles are particularly useful in environmental monitoring because they develop a complete immune system and a complex circulatory system that both mature within days, rather than the years these systems take to develop in humans. Amphibians such as Bufo boreas and Rana sylvatica have been shown to be sensitive indicators of wetland quality [14] , and antioxidative responses and oxidative stress levels in toads have been used as bio-indicators for pollutant exposure [15, 16] . Environmental pollution is currently believed to be one of the main factors contributing to declining populations and increasing malformation rates in amphibians [17] . Bufo raddei is the most common toad species in the upper YR region, and its spawning adults and developing tadpoles are likely to be exposed to a range of pollution associated with industrial development [18] .
The main HM contaminants in the YR water in the Baiyin Region (BYR), an industrial city affected by high levels of HM pollution because of the rapid expansion of non-ferrous metal mining and smelting, are cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn) [19] , which have a range of potential toxic mechanisms in organisms. Previous studies have demonstrated that water pollution in Lanzhou and the BYR can cause high rates of abnormal development and malformation in B. raddei [18] , and that this will influence the fitness, growth, and overwinter survival of individual toads [20] .
In the present study, we established a CW in Silong town, BYR, with the aim of evaluating the efficiency with which the CW removed HMs from the YR water, and, more importantly, to assess the protective effect the CW had on the development of toads by removing pollutants. To the best of our knowledge, this study is the first one to appreciate the role of CW on the development of amphibians in polluted areas.
Materials and Methods

Site Description
The CW and the YR sampling sites were in Silong Town (36º25.639 N, 104º23.428 E) in the BYR (Fig. 1) . Baiyin city is 75 km from Lanzhou, and was one of the first non-ferrous metal smelting and processing areas in China. Large amounts of domestic and industrial wastewater from Baiyin city are discharged into the YR at Silong town, through the East Ditch and the West Ditch, leading to high levels of pollution in the water and soil in the area.
Wetland Design
The CW was 18 m×15 m and 1 m deep, and contained 20 cm of homogenous soil planted with cattails Typha angustifolia, a widespread species in the BY, in March. The cattails were transplanted into the CW from a local river bank, with a density of 80-90 plant/m 2 . The water depth in the CW was 0.5 m and the hydraulic retention time was 3 d. The substrate soil used in the CW is gray calcareous from a wasteland in the upper mountain slope in BY city that has been tested to be relatively unpolluted [19] . The CW was surrounded by gauze during the experiment to prevent toads entering.
Sampling and Preparation
Water and Wetland Substrate
Water and wetland substrate samples were collected randomly from the CW or the YR at 5 different sample sites at times when the toads reached different life stages (basically one time per month); all the samples were assayed in triplicate. Water samples were collected in accordance with published technical specifications for monitoring surface water and wastewater (HJ/T 91-2002) [21] . Water samples were acidified with 5% HNO 3 before being stored in clean polyethylene bottles at 4ºC for HM analysis. Wetland substrate was collected from 0-20 cm, air-dried at room temperature, and passed through a 1.0 mm sieve before the HMs were determined [22] .
Toads
All of the toads that were put into the CW were collected from the local environment in early April, before the breeding season. During the experiment, toads were collected from the YR and the CW, at random, at different life stages [23] , which were stage I (Zhao's stage 26/27: postembryonic development begins), stage II (Zhao's stage 32/33: five hind toes emerged), stage III (Zhao's stage 37/38: more than half of the tail reabsorbed), stage IV (metamorphism completed), and stage V (a month after metamorphism completed). The toads were transferred to the laboratory, euthanized by pithing [24] , and their liver coefficients (the liver to total body weight ratio) measured. Blood was collected and the reactive oxygen species (ROS) contents, total antioxidant capacity (T-AOC), and DNA oxidative damage were analyzed. For HM analysis, toad samples from the CW and the YR were randomly chosen at different life stages, and were oven dried at 70ºC for 72 h, then ground and passed through a 1.0 mm sieve before their HM contents were determined.
Sample Analysis
For all the following experiments, toads were caught randomly from CW or the YR, and all the samples were assayed in triplicate.
HM Analysis
HM concentrations in water, wetland substrate, and toad samples were analyzed using inductively coupled plasma-atomic emission spectroscopy (IRIS advantage; Thermo Electron, Waltham, MA, USA) at Lanzhou University.
Liver Coefficient Analysis
After a toad was euthanized, its liver was removed and washed with phosphate-buffered saline (PBS), wiped with a filter paper to remove excess liquid, and weighed. The liver coefficient was determined as the ratio of liver weight to total body weight.
ROS Content Analysis
The ROS contents were determined using 2′,7′-dichlorofluorescein diacetate (DCFH-DA), following the manufacturer's (Beyotime Institute of Biotechnology, Jiangsu, China) recommendations, which were, briefly, as follows: 1 mL of blood cell suspension (about 10 5 -10 6 cell/mL) was washed twice with pre-cooled PBS (pH=7.4), 5 μL of DCHF-DA was added, then the sample was cultivated in an incubator for 30 min and washed twice with PBS. The fluorescence intensity was measured using a fluorospectrophotometer and the ROS contents were expressed as average fluorescence intensity (U) per 10,000 cells.
T-AOC Test
The liver samples were weighed and homogenized in normal saline (0.65%), and 10% of the homogenate was centrifuged at 2500 rpm for 10 min. The supernatant was used for T-AOC analysis using a test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), following the appropriate guidelines. The total protein content was measured on another aliquot using the burette method. The final T-AOC was expressed in units per milligram of liver protein (U/mg pro), a unit being defined as 1.0 mg of liver protein giving an absorbance (OD520 nm) increase of 0.01/min at 37ºC.
DNA Oxidative Damage Analysis
The oxidative damage to the genomic DNA in the blood was assessed using the comet assay (single-cell gel electrophoresis assay), and was assumed to indicate genetic damage caused by exposure to environmental pollutants [18] . The degree of DNA oxidative damage was analyzed using a previously published method [25] and presented as the percentage of DNA found in the tail.
Statistical Analysis
Statistical analyses were carried out using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Results are expressed as the mean ± standard deviation. One-way ANOVA and Duncan tests were used to compare the data. P<0.05 was considered to indicate statistical significance and P<0.01 to indicate a high level of statistical significance.
Results and Discussion
Effect of CW on HM Removal from the YR Water A summary of the concentrations of the major contaminations in the water samples from the YR and CW is given in Table 1 . The concentration of the HMs in the water from the CW system were much lower than that from the YR throughout the experimental period. The average removal rates (RRs) in the CW were 86.2%, 61.7%, 82.9%, and 76.7% for Cd, Cu, Pb, and Zn, respectively, (that is, in the order Cd>Pb>Zn>Cu), showing that the CW removed the HMs from the YR water efficiently. Importantly, the con-centrations of all of the HMs studied were decreased by the CW to below the permissible limits defined in the level III guidelines in the Chinese Surface Water Environmental Quality Standard (GB 3838-2002). Our results agreed with previously published results [5] confirming that CWs are effective at removing HMs from contaminated wastewater, and that the RRs are different for different metals. Moreover, it could be seen from the present results that the removal efficiency of CW on HMs would be different due to the status of water pollution in the YR as well as the growth cycle of the cattails. That is, during stages III-V the removal efficiency was relatively lower than stages I-II, which was attributed to the relatively slow growth of the cattails, which would in turn produce less biomass. This has been confirmed by previous studies [19, 26] .
The Cd, Cu, Pb, and Zn concentrations in the wetland substrate samples from the YR and CW are shown in Table  2 . The HM concentrations were significantly higher in the YR sludge samples than in the CW substrate samples (except for Pb) and, moreover, no significant variations in the YR water concentrations were found at any time, indicating that the HM concentrations in the YR were relatively stable. However, in Table 1 large differences were found in the concentrations of the HMs in the water from the YR during different periods due to the changes of pollutant emissions from the metal smelting factories and other pollution sources located in the upper reaches of the YR. Hence we concluded that the HM concentrations in the YR sludge had reached equilibrium after a long period of accumulation, and would not be easily changed by YR water quality. The accumulation of HM in sediment and the absorption by plants in the CW were two important mechanisms for reducing the HM concentrations in CW water [19] . In the present study, the Cu and Pb concentrations in the CW sediment changed little over time throughout the periods in our experiment, except between stages I and II, whereas the Cd and Zn concentrations increased significantly with time (P<0.05), indicating the rapid enrichment of these HMs in the CW sediment. Meanwhile, HM accumulation in the cattails was the same as our previous studies. By comparing the HM concentrations in the YR and CW water samples (Table 1) , it can be illustrated that the CW system in the present study was quite effective at removing HMs from the contaminated YR water.
Beneficial Effects of the CW on the Development of B. raddei
The DNA damage levels, HM enrichment factors, liver coefficients, oxidative stress levels, and physiological indices of the toads living in the CW were recorded and compared with the values for the toads living in the YR water, to assess the effects of the CW on the development of B. raddei.
The Effect of the CW on HM Enrichment in B. raddei
As shown in Table 3 , the concentrations of all four HMs in the toads followed a bell-shaped curve in all five developmental stages, reaching their highest values in stage III, both in the YR and the CW. The HM concentrations were significantly lower in the toads from the CW than in the toads from the YR, in all of the developmental stages (P<0.05). We concluded that HM enrichment in the organisms living in the water could effectively indicate the level of HM contamination in the water. The CW reduced the HM concentrations in the toads living in the polluted water.
The results also indicate that HM enrichment in the toads was related to their developmental stage, presumably because metamorphosis occurred between stages I and III, meaning that the toads lived in the water constantly during that time, and the HMs were enriched within them, compared with the water, with time. Once the toads reached stage IV metamorphosis, they could leave the water and adapt to terrestrial life. After this, some HM could be excreted, gradually decreasing the HM concentrations within the toads' bodies [27] .
The Effect of the CW on the Development of B. raddei
Toads with abnormal morphologies were studied to assess developmental disorders caused by HM pollution, and the types of malformations found were recorded. The malformations found included bobtailed tadpoles (18/1000, number of malformation tadpoles/total number of tadpoles, the same below), ectrodactyly tadpoles (4/1000), tadpoles with hind limbs growing on the tail (4/1000), tadpoles growing a single leg (7/1000), and ectrodactyly toads (3/1000), as shown in Fig. 2 . Many other defects were also found in the toads from the YR but, surprisingly, no abnormalities were found in toads from the CW. Exposure to pollutants would increase the malformation frequency of amphibians, and these malformations are correlated with reduced moving speed and aberrant movements that might hence increase animal mortality [28] . It is wildely accepted that pollution-caused malformation might seriously affect individual fitness [29] . Taking into account that the toads in the CW were collected from BY, an industrial city with heavy pollution background, it can be inferred that the CW system functions well in protecting amphibians from abnormalities.
It can be seen in Fig. 3 that the body lengths and weights were lower in toads from the YR than in toads from the CW, and the differences were even significant at stage IV. These differences might be caused by pollution in the YR, whereas the CW decreased the effects of HM pollution and, therefore, was conducive to the normal development of the toads. Several studies have shown that thyroid-mediated metamorphosis can be induced by stress. For example, under natural conditions, crowding will accelerate the metamorphosis as an adaptive stress response [30] . It seems likely that environmental contaminants can also affect metamorphosis by inducing a stress response. One of the consequences of accelerated metamorphosis is that newly emerged juveniles are likely to be undersized [31] , as was found in this study. Metamorphosis at a small size will have a negative effect on future fitness, growth, and overwinter survival [20] . Our results show that the CW functioned well in cleaning the HM-polluted water, and could provide protection from pollution for toads.
The Effect of the CW on Physiological Indices and DNA Damage in B. raddei
In addition to malformations and body size differences, physiological indices, including liver coefficients, ROS contents, T-AOC, and DNA oxidative damage levels, were examined to further explore the effects of the CW on the toads.
As shown in Table 4 , the liver coefficients, ROS contents, and DNA oxidative damage levels were all significantly lower in the toads in the CW than in the toads in the YR, and the T-AOC index was higher in the toads in the CW. Antioxidant defenses are the primary mechanisms by which organisms compensate for oxidative damage caused by contact with substances that can cause oxidative effects [32] . ROS may be induced by a great number of substances, including HMs, phenols, and other organic pollutants [33] . We found a significant positive correlation between the ROS level and the total HM content (R 2 =0.69, P=0.03). High ROS levels could directly or indirectly decrease the antioxidative capacity of the toads, resulting in oxidative stress because of the impairment of cellular defense mechanisms, and leading to oxidative damage, such as genomic DNA damage, as shown in Table 4 . The CW effectively decreased the HM concentrations in the YR water, and improved the T-AOC value, so the ROS and DNA oxidative damage levels were significantly lower (P<0.05) in the toads in the CW than in the toads in the YR. Similar results were found for the liver coefficients, that is, the CW system played a significant role in reducing the live coefficients of toads all through life stages. Live coefficients are an effective and sensitive index to monitor physiological changes in animals, and several studies have shown that heavy metal pollution would lead to an increase of live coefficients and hence cause liver injury [34] . The reducing of live coefficients in toads in CW would indicate the reducing of liver damage. Combined with other indicators like oxidative stress and ROS levels, the present study clarified that the improved water quality in the CW provided better living conditions for the toads. Combined with the findings described above (that no toad abnormalities were found in the CW), we concluded that the toad malformations found in the YR were probably caused by non-hereditary mutations rather than genetic mutations. Taking into account the fact that the oxidative DNA damage levels were higher during periods I-III than during stages IV and V, our study demonstrates that the premetamorphosis stage is critical in phenotypic variations in amphibians.
Our results illustrate that HM enrichment in toads is closely related to their developmental stage, with stage III the most sensitive period for HM pollution. The liver coefficients, ROS contents, and DNA oxidative damage levels also exhibited bell-shaped curves and peaked at stage III, in both the CW and the YR. However, the T-AOC values reached minima at stage III (Table 4) . It has been suggested [35] that during the critical period of transformation into an adult toad, reduced levels of glutathione (GSH) and catalase are required for the complete resorption of tail and gills, and intestinal remodeling, to be achieved. However, depletion of GSH always accompanies high ROS production [36] , leading to high oxidative stress levels. It is quite possible, of course, that when the metamorphosis is complete (at stage IV), the toads will move away from the contaminated water, decreasing the HM concentrations within their bodies through the excretion processes mentioned above, which will help to mitigate oxidative damage caused by HM pollution.
Conclusions
The normal growth and development of amphibians in the upper YR is seriously threatened by HM pollution. Our study showed that HM pollution causes striking defects, enriched HM levels, and elevated oxidative damage in the toads. These results illustrate the urgency of cleaning the affected water and preventing further pollution. However, the CW system used for this study provided a good living environment for the toads, mainly by removing HMs efficiently from the water system. The HM removal rates from the water were in the order Cd>Pb>Zn>Cu, and each of the HM concentrations in the CW met the Grade III national water quality standard for surface water in China. For the first time, our study showed that the CW can provide better living environments for amphibians in contaminated areas, manifested in our study as lower HM concentrations, larger body sizes, and lower oxidative stresses in the toads B. raddei. We recommend that CW systems are promoted for cleaning polluted water and protecting amphibians' development. However, more research is needed about the postprocessing of the wetland substrate and plants saturated with HM. 
